The concept of a pace-of-life syndrome describes inter-and intraspecific variation in several life-history traits along a slow-to-fast pace-of-life continuum, with long lifespans, low reproductive and metabolic rates, and elevated somatic defences at the slow end of the continuum and the opposite traits at the fast end. Pace-of-life can vary in relation to local environmental conditions (e.g. latitude, altitude), and here we propose that this variation may also occur along an anthropogenically modified environmental gradient. Based on a body of literature supporting the idea that city birds have longer lifespans, we predict that urban birds have a slower pace-oflife compared to rural birds and thus invest more in self maintenance and less in annual reproduction. Our statistical meta-analysis of two key traits related to paceof-life, survival and breeding investment (clutch size), indicated that urban birds generally have higher survival, but smaller clutch sizes. The latter finding (smaller clutches in urban habitats) seemed to be mainly a characteristic of smaller passerines. We also reviewed urbanization studies on other traits that can be associated with pace-of-life and are related to either reproductive investment or self-maintenance. Though sample sizes were generally too small to conduct formal meta-analyses, published literature suggests that urban birds tend to produce lower-quality sexual signals and invest more in offspring care. The latter finding is in agreement with the adult survival hypothesis, proposing that higher adult survival prospects favour investment in fewer offspring per year. According to our hypothesis, differences in age structure should arise between urban and rural populations, providing a novel alternative explanation for physiological differences and earlier breeding.
| INTRODUCTION
Although organisms exhibit remarkable diversity in their life histories, many potential combinations of life-history traits do not actually occur in nature (Ricklefs & Wikelski, 2002) . This phenomenon arises from functional constraints among life-history attributes and the fact that limited resources (e.g. energy, nutrients, time) must be allocated among competing demands (Gadgil & Bossert, 1970) . Thus, a key tenet of life-history theory is that a shift in the expression of one fitness-enhancing life-history trait comes at the expense of another fitness-related trait, as when survival decreases with increasing fecundity (Roff, Heibo, & Vøllestad, 2006) . Selection optimizes resource allocation to attain an optimum balance of phenotypic traits under specific ecological conditions (Ricklefs, 2000) .
These elements of life-history theory and trade-offs were used to develop the concept of a pace-of-life syndrome, which captures variation in a series of life-history traits along a continuum spanning "live-fast/die-young" at one end and "live-slow/die-old" at the other (Jones et al., 2008) . The idea developed from the classic concept of r-and K-selection, related to the combinations of traits in an organism that trade-off offspring quantity and quality (Macarthur & Wilson, 1967; Pianka, 1970) , and was later extended to include physiological traits in the context of interspecific differences along the slow-to-fast life-history continuum (e.g. Gaillard et al., 1989; Hennemann, 1983) . The pace-of-life syndrome hypothesis suggests that a given set of ecological conditions favours a particular life-history strategy that could in turn affect a whole series of coevolved reproductive, behavioural and physiological traits (Martin, Hasselquist, & Wikelski, 2006; Reale et al., 2010; Wikelski, Spinney, Schelsky, Scheuerlein, & Gwinner, 2003) . For example, species on the slow end of the axis often exhibit lower metabolic rates, slower growth and development, lower nesting success and longer life spans, whereas those on the fast end tend to show opposite patterns (Robinson et al., 2010) . This fast-to-slow continuum has served as a powerful predictive framework to align life histories among a wide range of animals (e.g. Jones et al., 2008; Wiersma, Muñoz-Garcia, Walker, & Williams, 2007; Wikelski et al., 2003) . For example, it has been proposed that a faster pace-of-life explains the faster senescence of mammals compared to birds with similar body size (Jones et al., 2008) .
Owing to their direct link to fitness, causes of variation in lifehistory strategies are currently among the most intensively studied subjects in evolutionary ecology (Niemel€ a, Vainikka, Hedrick, & Kortet, 2012) . Life histories are shaped by the interactions of extrinsic factors (i.e. a given set of ecological conditions that favours a particular life-history strategy) and intrinsic factors (trade-offs among life history traits and constraints on the expression of genetic variation; Stearns, 2000) . These factors could affect a whole series of phenotypic, fitness-associated traits, such as size at birth/hatching, growth rate, age and size at maturity, number of offspring (clutch size), reproductive investment, mortality rate and lifespan (Stearns, 2000) .
More recent tests of the pace-of-life syndrome hypothesis have considered a host of physiological traits, such as energetics, immune function and sensitivity to oxidative stress, in order to investigate the causal processes and physiological trade-offs behind variation in pace of life (Careau & Garland, 2012; Pap et al., 2015; Williams, Miller, Harper, & Wiersma, 2010) .
Pace-of-life syndrome has been extensively studied at the interspecific level (Jimenez, Cooper-Mullin, Calhoon, & Williams, 2014; Jones et al., 2008; Pap et al., 2015; Wiersma et al., 2007; Wikelski et al., 2003) , especially in birds, where pace-of-life varies along latitudinal and altitudinal gradients (Jimenez et al., 2014; Londono, Chappell, Castaneda, Jankowski, & Robinson, 2015) . Many reproductive traits in birds (i.e. nestling growth rate, incubation time, nestling period, number of clutches per year, clutch size) show consistent latitudinal and altitudinal clines (Wiersma et al., 2007; Wikelski et al., 2003) , with lower reproduction and higher survival at low latitudes and higher elevations (Boyle, Sandercock, & Martin, 2016; Hille & Cooper, 2015) . Widening the pace-of-life syndrome concept, it has been recently proposed that intraspecific variation in avian physiological, behavioural and life-history strategies might also follow a slow-to-fast pace-of-life continuum (Martin, Weil, & Nelson, 2007; Martin et al., 2006; Niemel€ a, Dingemanse, Alioravainen, Vainikka, & Kortet, 2013; Reale et al., 2010) . For example, "slow-living" house sparrows (Passer domesticus) that laid small clutches over an extended breeding season showed more rapid secondary antibody response and increased investment in immune responses than "fastliving" house sparrows, which lay larger clutches over a shorter time period .
As optimal pace-of-life has been shown to vary in response to changing environmental conditions (such as altitudinal or latitudinal gradients), it is perhaps surprising that one of the most rapid forms of environmental change -urbanization -has been curiously overlooked in the pace-of-life context. The rate of urban expansion today is higher than ever before and this landcover change drives habitat loss and threatens biodiversity (Seto, Guneralp, & Hutyra, 2012) . Similarly to altitudinal and latitudinal gradients, anthropogenic effects on landcover are also often described as gradients, spanning from natural habitats to highly urbanized man-made environments. Despite the impressive number of studies that have assessed urban-rural differences in traits associated with pace-of-life syndrome, such as reproduction, survival, investment in sexual signal traits, parasitism and oxidative stress levels (see Table 2 for respective references), almost no studies have so far considered that these differences might reflect different adaptive pace-of-life strategies between urban and rural populations (with the exception of a few personality-focused studies, e.g. Charmantier, Demeyrier, Lambrechts, Perret, & Gr egoire, 2017) . What is more, there are no thorough reviews of changes of pace-of-life related traits in animals in the context of urbanization, and no conceptual discussion of the effect of urbanization on wildlife in the pace-of-life framework.
| TH E URBANIZATION GRADIENT
Similarly to elevational and latitudinal variation in habitat characteristics, urbanization is described as a gradient in ecological context SEPP ET AL.
| 1453 (Marzluff, 2008) , although compared to elevational and latitudinal gradients, this gradient may be less "linear" and challenging to define.
At the same time, gradual change in phenotypic traits has been demonstrated in urbanization context (i.e. Giraudeau, Mousel, Earl, & Mcgraw, 2014) , suggesting that environmental characteristcs do change gradually, depending on the level of urbanization. Urban development can lead to rapid phenotypic changes in wild organisms through both plastic and micro-evolutionary processes (Alberti, Marzluff, & Hunt, 2017) . Urbanization alters wildlife habitats through an increased proportion of impervious surface (i.e., buildings, roads, etc.), high human density (Kight & Swaddle, 2007) , elevated levels of noise (Fuller, Warren, & Gaston, 2007; Laiolo, 2010; Slabbekoorn, 2013) , chemical pollution (Bichet et al., 2013; Hui, 2002) and artificial light (Dominoni, Quetting, & Partecke, 2013; Gaston, Bennie, Davies, & Hopkins, 2013; Kempenaers, Borgstrom, Loes, Schlicht, & Valcu, 2010; Nordt & Klenke, 2013) . Many species suffer from these anthropogenic disturbances, which ultimately can lead to the loss of biodiversity in urban environments (Seto et al., 2012) . At the same time, other characteristics of the urban environment may serve as relaxed selection pressures compared to the rural environment. Such variables include increased food availability and predictability (Marzluff & Neatherlin, 2006; Auman, Meathrel, & Richardson, 2008; Robb et al., 2008 ; but note also the lower quality of food available in urban habitats, Sumasgutner, Nemeth, Tebb, Krenn, & Gamauf, 2014; Murray, Becker, Hall, & Hernandez, 2016) , reduced predation rates (Brahmia et al., 2013; Fischer, Cleeton, Lyons, & Miller, 2012; Newhouse, Marra, & Johnson, 2008; Stracey, 2011; Valcarcel & Fernandez-Juricic, 2009 ) and reduced parasite pressure (i.e. break-up of parasite-host interactions in a novel environment; Calegaro-Marques & Amato, 2014). Reduced predation pressure and increased availability of resources are suggested to be the key factors that drive the evolution of slower life histories, and this link has been demonstrated both theoretically (Gadgil & Bossert, 1970) and empirically (i.e. Reznick, Bryga, & Endler, 1990; Riessen, 1999; Stephenson, van Oosterhout, & Cable, 2015) .
To date, pace-of-life theory has been linked to urbanization only at the interspecific level (Møller, 2009 ; but see also Vaugoyeau et al., 2016; Charmantier et al., 2017) . To test the hypothesized link between pace-of-life evolution and urbanization at the intraspecific level, a systematic approach to understand urban life histories and physiological adaptations and acclimatizations of individual species is required. For example, when examining life-history traits in isolation, a reduction in reproductive output might be interpreted as the result of the urban habitat being an ecological trap (Leston & Rodewald, 2006; Stracey & Robinson, 2012) , although it may be an adaptive response to increased life expectancy due to, for example, reduced predation pressures in urban environments (Seress & Liker, 2015) .
Our hypothesis proposing the existence of adaptive differences in pace of life between urban and rural populations of the same species is founded on the following observations: (1) there is both inter-and intraspecific variation in pace of life along latitudinal and altitudinal gradients, showing that birds can adjust to environmental changes by adjusting their life-history strategy (Boyle et al., 2016; Hille & Cooper, 2015; Jimenez et al., 2014; Martin et al., 2006; Pap et al., 2015; Wiersma et al., 2007; Wikelski et al., 2003) ; (2) there is a general trend towards higher survival in urban habitats in birds (i.e. Rebolo-Ifran et al., 2015; Stracey & Robinson, 2012; Varner, Hepp, & Bielefeld, 2014 ; reviewed further below); and (3) we know that environmental factors affecting survival (i.e. predation risk, food availability, parasite abundance) can push the life history along the same physiologically constrained path of variation, producing a restricted set of life-history outcomes (Ricklefs & Wikelski, 2002) .
| PRED ICTIONS IN RELATION TO CHANGES IN SELE CTION PRESSURES IN URBAN ENVIRONME NTS
We predict that, at the intraspecific level, urban birds should show a slower pace of life compared to rural birds. Below we review studies of intraspecific variation in pace-of-life-related traits along the urbanization gradient. Such traits include those associated with reproductive success (start of breeding, clutch size, egg size, hatching and fledging success, nestling size and growth rate, provisioning rate, nest failure rate, colouration), survival/self-maintenance (e.g. survival rate, telomere length, and indices of oxidative stress, which link to cellular mechanisms of ageing; Harman, 1956; Monaghan & Haussmann, 2006; Haussmann & Marchetto, 2010) , as well as immune responsiveness, parasite resistance, and body size, weight and condition. Colouration is here mostly considered as an index of investment in sexual signal traits, but in some instances (e.g. melanin-based colouration and its links to detoxification pathways; Mackinven & Briskie, 2014) , it can be viewed as an investment in self-maintenance. Investment in parasite defence has been previously considered to be a part of pace-of-life syndrome (Edwards, 2012; Johnson et al., 2012; Ricklefs & Wikelski, 2002; Tella, Scheuerlein, & Ricklefs, 2002; Tieleman, Williams, Ricklefs, & Klasing, 2005) , and changes in parasite abundance can even be considered to have a causal effect on life-history changes (Ohlberger et al., 2011) .
Although the predictions presented in this study could also be extended to other animal taxa, we chose to focus on birds in this review for the following reasons. (1) Birds are particularly well-studied relative to other taxa in the urbanization context, making it possible to perform this large-scale review; (2) physiological traits (such as oxidative stress or immune responsiveness) as a causal mechanism in shaping life-history tradeoffs in the wild have been extensively studied in birds; and (3) the elaborate sexual signals of birds are ideal for studying urban impacts on natural and sexual selection.
According to our hypothesis, our central prediction is that, compared to rural populations, urban birds of the same species should have greater survival and lower investment in annual reproduction due to slower pace-of-life. We test this hypothesis with a formal meta-analysis. We also review a number of other traits that can be associated with pace-of-life, but have so far not been studied enough in the context of urbanization for a formal meta-analysis.
We consider it important to include as many traits associated with reproduction and self-maintenance as possible, to give an overview of all the urbanization-related changes that could possibly be interpreted in the pace-of-life framework. We hypothesize that urban populations should show increased investment in self-maintenance (e.g. immune defence, oxidative-damage prevention, reduced parasite/pathogen burden), while investing less in traits related to reproduction (including in sexual signalling traits, see Figure 1 for detailed predictions). According to the adult survival hypothesis stating that higher adult survival prospects favour an increased investment in a smaller number of offspring (Martin, 1996; Martin, Martin, Olson, Heidinger, & Fontaine, 2000; McNamara, Barta, Wikelski, & Houston, 2008) , we predict that urban birds would invest more in offspring quality, whereas rural birds would invest more in offspring quantity.
We summarize how these suites of traits covary within the pace-oflife syndrome framework (Table 2 ) and describe in detail the published studies to date (Supporting Information).
Although an abundant literature has been published on variation in personality (e.g. Bokony, Kulcsar, & Liker, 2010; Bokony, Kulcsar, Toth, & Liker, 2012; Mueller, Partecke, Hatchwell, Gaston, & Evans, 2013; Niemel€ a et al., 2012; Papp, Vincze, Preiszner, Liker, & B okony, 2015; Reale et al., 2010) and acoustic signals (reviewed by along the urbanization gradient in birds, we do not include these traits in this review for several reasons. First, recent experimental studies suggest that personality does not integrate well with pace-of-life syndrome, suggesting that associations between life-history and behavioural tendencies are environmentally determined (Debecker, Sanmartin-Villar, De Guinea-Luengo, Cordero-Rivera, & Stoks, 2016; Niemel€ a et al., 2013) . Second, mechanisms such as lowered predation pressure in urban areas might break down existing behavioural syndromes (Scales, Hyman, & Hughes, 2011; Sih, Ferrari, & Harris, 2011) . Third, the study of animal personalities is still relatively young and the methodological approaches used to assess personalities in wild animals are still varied and debated (Papp et al., 2015) . Although we omit behaviour studies from the current review, we suggest that urbanization studies could be a key for understanding the environmental dependency of the link between life-history and behaviour, since personality differences are quite clearly established between urban and rural animals. For example, an overview of 29 empirical studies comparing conspecific rural and urban populations of animals concluded that urban populations seemed to be more aggressive and showed reduced escape behaviour and increased risk-taking behaviour (Miranda, Schielzeth, Sonntag, & Partecke, 2013) . Also, acoustic signals are an important part of sexual and territorial signals of birds. However, since the metabolic costs of increasing song amplitude are negligible (Brumm, 2004; Zollinger, Goller, & Brumm, 2011 ) and we do not have any clear predictions on how song frequency or amplitude would relate to pace-of-life, we have decided to not include studies on bird song in this review (but see for an urbanization review including acoustic signals).
| METHODS

| Literature search
We reviewed 161 published papers on urban effects of life-historyrelated traits in birds (Tables S1-S17), most of which examined a few traits rather than a comprehensive suite. Our literature search was conducted in ISI Web of Science (latest search March 2017), by entering search terms "urban*", "bird", and a corresponding trait ("survival", "clutch size", "immunity" "parasites", "oxidative", "egg size/volume" "reproduction", "oxidative stress", "parental care/nest attendance", "body size", "growth rate", "hatching/fledging success", "nest survival", "start of breeding" "carotenoid/melanin + colouration", "body condition", "stress"). From the resulting list of studies, only those comparing urban and rural populations (excluding studies reporting data from only urban populations) and presenting intraspecific comparisons were chosen. Studies of migratory birds were included, and birds were considered inhabitants of the urban environment if they spent at least their breeding season in the cities.
We also added data for other traits that were included in papers we located using other search terms (for example, body condition was F I G U R E 1 Predicted variation in traits between urban and rural birds along a pace-of-life continuum. Double arrows indicate the traits that are expected to vary along the urbanization gradient. Lines indicate the traits that should not vary if differences in pace of life are adaptations to specific ecological conditions. Illustrating photos depict house finches (Haemorhous mexicanus), a common model organism for urbanization research that display remarkable reduction in plumage redness (carotenoid-based sexual ornamentation) in response to urbanization [Colour figure can be viewed at wileyonlinelibrary.com] often included in studies reporting results on other traits, but not mentioned in keywords or abstracts). We only included studies reporting results of statistical tests, which omits some of the earliest studies on urbanization (see Chamberlain et al., 2009 for a votecounting review including earlier studies on avian productivity in urban landscapes); however, since over 90% of the studies on urbanization and birds have been published since 2000 (Marzluff, 2017) , this should not affect the general conclusions of our literature review. For two traits (survival and clutch size), we added a statistical meta-analysis. The rest of the traits (immune defences, parasite infection levels, oxidative status, egg volume/mass, parental nest attendance, nestling size, growth rate, and condition, hatching and fledging success, nest survival rate, laying dat, colouration, adult body size and condition, stress hormone levels) were assessed in a vote-counting method due to either small number of studies, heterogeneity of data, or lesser importance in relation to the hypothesis about the urban-rural pace-of-life differences. We consider it important to include all these traits in this review in order to encourage future studies on urbanization to consider the possible link of these traits to pace-of-life. The details of the studies included in this review are available in Tables S1-S18.
| Meta-analysis
Statistical meta-analyses were performed on two key traits linked to pace-of-life in birds: survival and clutch size. These traits were chosen for meta-analysis because of their direct link to life-history decisions, the high availability of data, and the homogenous nature of the reported results. Ten studies spanning 15 species were included in our survival meta-analysis. In the clutch-size meta-analysis, we included 22 studies spanning 14 avian species.
To include all results from the literature, we opted for absolute risk reduction as our effect size metric. This allowed us to estimate the SE for the effect size for most studies directly. For studies where only total sample size was presented in addition to the effect size point estimates (of annual survival or average clutch size), we estimated the SE using a linear model with square root of the sample size and absolute effect size as predictors (separately for both analyses). If applicable, guidelines listed in Table 2 in Koricheva and Gurevitch (2014) were followed when carrying out the meta-analysis.
Study, sex, species, method (radio-telemetry vs. mark-recapture), and length of the study (in years) were available from survival studies. Study, species and length of the study (in years) were available from clutch-size studies. We fitted a Gaussian mixed model in a Bayesian framework, separately for both analyses. The R Package RStan was used to run the Bayesian inference (Stan Development Team, 2016) . More details about the meta-analysis methods are available as supplementary materials.
Additionally we assessed the possible impact of latitude and urbanization period (as in Sol, Gonzalez-Lagos, Moreira, Maspons, & Lapiedra, 2014) to urban vs. rural differences by simulating the posterior predictive distribution of each fitted value. Since neither of the variables had an effect on survival or clutch size differences, these variables were not added to the models. Graphs (Figures S1-S4 ) and details of these analyses are available in Supplementary Materials.
| PACE-OF-LIFE ALONG THE URBANIZATION GRADIENT
| Meta-analysis results on survival and clutch size
The meta-analysis indicated strong support for the prediction that birds have better survival in urban environments, as the one-sided 95% credible interval for average annual survival difference has À0.069 as its left endpoint and about 13% of the posterior distribution on the negative side ( Table 1) .
The meta-analysis indicated strong support for the prediction that clutch sizes are larger in rural environments, as the one-sided 95% credible interval for average clutch size difference has À0.211
as its left endpoint and about 13% of the posterior distribution on the negative side (Table 1) . Clutch size was smaller in urban habitats in six species, but for nine studied species, clutch size did not differ between urban and rural environment. According to The following overview describes the current state of the urbanization literature regarding urban-rural differences in traits that could be associated with changes in pace-of-life and should be considered in this framework in the future. The results on studies analysing immunocompetence depend on the immune trait that is studied (Table 2) . Urban birds have larger preens (Giraudeau, Mckenna, Hutton, & Mcgraw, 2016) , larger swelling response to phytohemagglutinin injection (Audet, Ducatez, & Lefebvre, 2016) , and more heterophils and eosinophils (Fokidis, Greiner, & Deviche, 2008) . At the same time, lymphocyte count seems to be lower in urban birds (Fokidis et al., 2008) .
Similar to immunocompetence, urbanization trends in parasite abundance depended on the parasite class studied (Table 2 ). Viruses and bacteria were always more abundant on urban birds. Results for protozoan parasites (blood parasites and intestinal parasites) were more mixed, at the same time, studies on macroparasites (helminths and ticks) unanimously showed lower abundance in urban birds.
| Oxidative status
Three studies on three species indicate higher oxidative damage in urban vs. rural populations, while no studies show the opposite (Table 2) . Five studies in four species showed no differences between urban and rural populations. As for antioxidant protection, the majority of studies (ten studies, but only in two model species, great tits and house finches, Haemorhous mexicanus) indicate that there are no differences between urban and rural populations, while one study showed higher protection in one species and two showed lower protection in two species. So far, the studies have mainly focused on measuring carotenoids from plasma samples. For oxidative damage, mainly oxidized/reduced glutathione ratio and lipid peroxidation has been assessed. All of these studies have used bird plasma or blood cells, and no other tissues have been analysed.
| Body size
Urban birds tend to be smaller in body size, but only in the case of house sparrows (three studies) and bullfinches (Loxigilla barbadensis, one study), whereas four studies in four other species showed no difference. Studies on body mass suggest no clear link with urbanrural habitat, as three studies in two species reported higher body mass in urban habitats, four studies in four species found no difference, and four studies in four species found the birds to be lighter in urban environments. Body condition was higher in urban habitats in four studies on four species, did not differ in seven studies in five species, and was lower in four studies on four species. The most consistent finding among these is the smaller body size and lower mass in urban house sparrows (Liker, Papp, Bokony, & Lendvai, 2008; Meillere, Brischoux, Parenteau, & Angelier, 2015; Seress, Bokony, Heszberger, & Liker, 2011) . For other species, the differences may be more site-or season-dependent. For example, for European blackbirds (Turdus merula) in eleven paired urban and rural habitats, the magnitude and direction of body size and mass differences was site-dependent ). For body condition, we included studies reporting mass residuals, but also other condition indices, which permitted comparison of body-size-based condition measures with physiological condition.
For example, in house sparrows, urban birds tend to be smaller and thereby in worse condition by body mass index (i.e. lower mass residuals; Liker et al., 2008 ; but see Fokidis et al., 2008; Seress et al., 2011; Bokony, Seress, Nagy, Lendvai, & Liker, 2012; Bichet et al., 2013 for no differences in mass residuals in house sparrows), whereas complementary indices of condition (e.g. muscle score, hematocrit, baseline and stress-induced corticosterone levels) show no difference as a function of urbanization (Meillere et al., 2015; Seress et al., 2011) , indicating that urban sparrows may not be suffering nutritionally. Laying date 10 (5) 7 (7) 3 (2) Eden (1985) , Antonov & Atanasova (2003) , Mennechez & Clergeau (2006) , Hinsley et al. (2008) , Newhouse et al. (2008) , , Aldredge et al. (2012) , Stracey & Robinson (2012) , Brahmia et al. (2013) , Strasser & Heath (2013) , Solonen (2014) , Solonen & Hilden (2014) , Sumasgutner et al. (2014) , Lin et al. (2015) , Wawrzyniak et al. (2015) , Bailly et al. (2016) , Sprau et al. (2016) , Vaugoyeau et al. (2016) attendance in eight different bird species, nest attendance was higher in four (Table S7) , did not differ in three and was lower in one study with a small sample size (nine lesser kestrel, Falco naumanni nests, Liven-Schulman, Leshem, Alon, & Yom-Tov, 2004 ). This was sometimes associated with less quality food for offspring (e.g. Hinsley et al., 2008) , but not always.
| Stress level
Nestling body size tends to be smaller in urban habitats. Out of 15 studies, nine showed smaller nestling size in urban birds. Since there were no apparent differences in egg size, these results point to a lower growth rate of nestlings in urban habitats as the mechanism underlying smaller urban nestlings. We found only three studies measuring nestling growth rate as a function of urbanization, and two of these supported this hypothesis, while the third showed no differences in growth rate. Nestling body condition (mass residuals)
was assessed in six studies: three studies in three species showed lower condition in urban habitats, and three studies in three species
showed no urban-rural difference.
| Hatching and fleding success and nest survival
Hatching success and fledging success did not consistently vary as a function of urbanization andseem to be highly dependent on specific location or breeding season. For example, in great tits, fledging success can be higher or lower (Bailly et al., 2016) , or not differ (Hinsley et al., 2008; Solonen, 2001; Sprau, Mouchet, & Dingemanse, 2016) in urban compared to rural habitats.
Nest survival was higher in urban habitats in six studies in eight species, did not differ in four studies on five species, and was lower in five studies on five species. A recent review on nest predation indicated that for artificial nests, survival rate tends to decrease with increasing urbanization, with higher predation in more urbanized study sites, but the opposite is true for natural nests, where survival tends to increase with the level of urbanization .
| Start of breeding
Birds tend to breed earlier in urban habitats. Ten studies on five species indicated earlier breeding in urban habitats, seven studies on seven species showed no difference, whereas only three studies on two species showed earlier breeding in rural habitats. An earlier review of 19 lay-date comparisons in 10 species indicated that urban laying was earlier in 16 of 19 comparisons and in 7 of the 13 studies (Chamberlain et al., 2009 ).
| Colouration
Expression of carotenoid-based colouration has been examined in relation to urbanization in seven studies on three species, and in all cases these reveal decreased colour expression in urban birds (Table S15) . Results on melanin-based colouration are more mixed, with a recurrent increased proportion of the darker morph in feral pigeons (Columba livia, Obukhova, 2007; Jacquin et al., 2013), but a decrease in the size of the black tie in great tits in urban environments (Senar, Conroy, Quesada, & Mateos-Gonzalez, 2014) .).
Finally, two studies have assessed the relationship between urbanization and structural colouration. Florida scrub-jays (Aphelocoma coerulescens) living in suburban habitat have higher UV reflectance than wildland scrub-jays (Tringali & Bowman, 2015) . In darkeyed juncos (Junco hyemalis), the amount of white in the tail has declined by more than 20% in a population that has recently colonized the urban environment (Yeh, 2004) , but this study can also be viewed as indicating higher amount of eumelanin-based black colouration on the feathers.
| DISCUSSION
Here, we reviewed 116 case studies on variation in avian traits related to pace-of-life along the urbanization gradient. In the first part of the study, we meta-analysed data on two key traits linked to life-history decisions, survival and clutch size, and found support for a global trend towards a slower pace of life in urban bird populations when compared to their rural counterparts, since urban birds have higher survival and smaller annual clutch sizes. In the second part of this study, we listed other traits that could be affected by pace-oflife, but are so far less studied in the urbanization context. We reviewed the literature published on intraspecific urban-rural comparisons of these traits. Although this approach does not allow one to make strong conclusions, it indicates promising directions for future studies and suggests an alternative explanation, in the framework of pace-of-life syndrome for recorded urban-rural differences in a number of traits related to self-maintenance and reproduction.
We also acknowledge the problem of publication bias, leading to the possibility that more studies showing differences between urban and rural environments get published than studies showing no differences, and encourage researchers also to publish their nonsignificant datasets on urban-rural comparisons.
Many environmental characteristics can act as selection pressures or factors affecting phenotypic plasticity, and thereby influence survival and reproductive traits. It is thus unlikely that a single dominant factor explains the generally higher survival as well as the small clutches and lower reproductive output of urban birds. Instead, a variety of urban environmental features, including better food availability (but lower quality of food), lower macroparasite abundance or lower risk of predation, might result in slower pace-of-life in urban bird populations. Higher survival in the cities is one of the most convincing intraspecific trends in life-history traits observed along the urbanization gradient. Considering the generality of this observation across species and geographical location, it is reasonable to assume that differences in other life-history and physiological traits in response to urbanization might be, at least partly, adaptive changes in pace-of-life.
An important consequence of improved survival in urban environments might be that urban populations might host a greater proportion of older and more experienced birds. To our best knowledge, only one study has compared age structure between urban and rural populations and found that the proportion of first year birds in urban populations of European blackbirds is significantly lower than that in rural ones (Evans, Gaston, Sharp, Mcgowan, Simeoni, et al., 2009) , but this study only included two age classes.
The studies analysing the differences in proportion of old-age birds between urban and rural populations are so far missing, possibly due to difficulties related to reliably assessing the age of adult birds.
Given that physiological and reproductive senescence occurs in a variety of bird species (Holmes, Thomson, Wu, & Ottinger, 2003; Nussey, Froy, Lemaitre, Gaillard, & Austad, 2013) , it is possible that some of the physiological and reproductive urban-rural differences (and also the absence of difference between populations) found in many studies might arise from population differences in mean longevity. Age structure also has never been considered as one of the possible causes behind earlier laying dates in urban birds, although older and more experienced birds have been shown to start breeding earlier both in long-lived (Rattiste, 2004 ) and short-lived species (Harvey, Greenwood, & Campbell, 1984) .
Carotenoid-based colouration has consistently been reduced in urban vs. rural birds (but only seven studies have been performed so far, so more studies are needed for a formal meta-analysis). This difference in colouration may be explained by differences in food carotenoid availability, however, circulating levels of carotenoids were not significantly different between urban and rural populations of house finches (Giraudeau, Chavez, Toomey, & Mcgraw, 2015) and great tits (Isaksson, Mclaughlin, Monaghan, & Andersson, 2007; Isaksson, Von Post, & Andersson, 2007) . It is therefore possible that urban birds invest more carotenoids in self maintenance as opposed to colouration, which is in accordance with the hypothesis of a slower pace-oflife. However, similar patterns were not observed in the case of melanin-based traits, with a handful of studies giving mixed results. This could be partly explained by carotenoid colours being consistent, environmentally sensitive indicators of quality compared to melanin colouration (McGraw, Mackillop, Dale, & Hauber, 2002) . It should be noted that the one avian species (feral pigeon) with increased melanin-based colouration in urban habitats is a polymorphic one, where variation in colouration is genetically determined (Jacquin et al., 2013; Johnston & Janiga, 1995) . In addition, despite the fact that pheomelanogenesis requires high levels of a key intracellular antioxidant (glutathione) and that species that possess the molecular basis to produce large amounts of pheomelanin might thus be more limited in coping with environmental conditions that generate oxidative stress, no studies have ever assessed how urban conditions influence the deposition of pheomelanin in the plumage of wild birds.
The adult survival hypothesis (Martin, 1996; Martin et al., 2000; McNamara et al., 2008) proposes that higher adult survival prospects should favour reduced annual reproductive effort, but that parents may increase their investment in a smaller number of offspring to enhance their probability of survival. Under this hypothesis, urban birds would invest more in offspring quality, whereas rural birds would invest in annual fecundity (but see Minias, 2016 for an opposite example in urban and rural Eurasian coots, Fulica atra). The results of the studies conducted so far are generally in accordance with these predictions, since parental nest attendance is usually higher while clutch size is smaller in urban populations ( Table 2 ), suggesting that, while urban parents raise fewer nestlings, they seem to take better care of them, as expected for an organism exhibiting a slower pace-of-life. Alternative explanations to higher nest attendance in urban populations are smaller territory size, increased predator vigilance, or lower food availability/quality. For example, a study showing higher nest attendance in great tits indicated that, although caterpillars were more abundant and heavier in the urban environment, carotenoid concentration was significantly lower in urban caterpillars . It has been argued that, depending on the flexibility in allocation patterns, investment in offspring quality rather than quantity is the more important target of natural selection (Lloyd, 1987; Shizuka & Lyon, 2013) , indicating that in the case of relatively rapid evolutionary change (adapting to city life), parental investment patterns might change before optimal clutch size is shaped by adaptive processes. This could also be one of the explanations behind the finding that females in higher disturbance areas are more likely to abandon nests than females in lower disturbance areas (e.g. Strasser & Heath, 2013) . It is also important to note that phenotypic differentiation between urban and rural populations can also be the result of phenotypic plasticity (which is not mutually exclusive with adaptation), especially in recently colonized areas or urban-rural populations connected by gene flow.
Our meta-analysis indicated that birds tend to lay smaller clutches in urban habitats. While this could be an indicator of slower pace-of-life when increased survival of adults is also taken into account, studies that assess both adult survival and reproductive rate in same populations of birds in urbanization context are so far missing. Therefore, alternative explanations for smaller clutch size in urban habitats have to be considered. First, lower clutch size could be caused by higher densities of breeding birds in urban areas (i.e. Both, Tinbergen, & Visser, 2000) . Second, lower food quality and higher competition can also lead to smaller clutches (Pehrsson, 1991) . Studies using nestboxes in similar densities in urban and rural habitats, and providing high-quality supplementary food for breeding birds in both habitats could help to control for these factors. It is also important to notice that the meta-analysis result showing smaller clutch size in urban habitats relies strongly on studies of small passerines (Table S5 ) and studies on other species usually show no urban-rural differences, indicating that for other species, if pace-oflife adaptation to urban environment exist, they are probably observable on other levels of reproductive process (for example brood reduction, see next section).
Another important factor detemining the reproductive output per season is the number of clutches, for example, urban birds could compensate smaller first clutches with increased probability to lay a second clutch. Some studies have indicated that urban birds are more likely to lay a second clutch (e.g. Charmantier et al., 2017; Kali nski et al. 2009 ), however, since urban birds are also more likely to abandon the nest (e.g. Strasser & Heath, 2013) , it is important distinguish between replacement vs. second clutches. Most of the SEPP ET AL.
| 1461 studies in our analysis do not report if the results include second clutches (15 of 25 comparisons). Six comparisons report only results on first clutches, and four comparisons include both first and second clutches. In these studies (Mennechez & Clergeau, 2006; Minias, 2016; Morrissey et al., 2014; and Newhouse et al., 2008) no differences in the probability of laying a second clutch is reported between urban and rural populations, and trends along the urbanization gradient are similar for first and second clutches. In addition, Bailly et al. (2016) reported, based on unpublished data, that urban great tits had lower breeding success even when second clutches were taken into account. For most accurate estimation of breeding success variation along the urbanization gradient, future studies should include both first and second clutches, or consider recruitment rate.
Literature published so far does not reveal a clear trend in urban-rural differences in avian hatching or fledging success (Table 2 ). In the few instances where fledging success was found to be lower in urban habitats, this was usually attributed to lower quantity and/or quality of urban food provided to the offspring (starlings, Mennechez & Clergeau, 2006; great tits, Isaksson, Mclaughlin, et al., 2007; Isaksson, Von Post, et al., 2007) (proportion of hatched young that failed to fledge) has been suggested as another mechanism explaining this pattern (Antonov & Atanasova, 2003; Hindmarch et al., 2014; Hinsley et al., 2008) . Even when no differences between hatching or fledging success are noticed, the cause of egg or hatchling loss may differ between urban and rural habitats. A good example is a study of Eurasian magpies (Pica pica), where similar proportion of eggs hatched in each habitat, but significantly more eggs were lost in rural areas to interference (defined as desertion caused by human disturbance or predation), when the majority of urban losses were due to hatching failure or chick mortality in the first few days of life (Eden, 1985) .
Physiological condition (oxidative stress and immunocompetence), nutritional condition (body mass, body condition), and stress hormone levels of birds did not show any universal trends along the urbanization gradient. The low number of studies published on physiological variation along the urbanization gradient might be at least partly responsible for the lack of clear patterns in these traits. Under the pace-of-life syndrome hypothesis, we would predict that species with a slower pace-of-life should invest more in self-maintenance than species with a faster pace-of-life. This leads to the hypothesis that long-lived birds with a slow pace-of-life should be selected to allocate more resources to immune response to protect future reproductive success, compared with their short-lived relatives (Ricklefs & Wikelski, 2002) . In addition, it has also been proposed that, since longer developmental times might allow the production of a more diverse and/or reactive adaptive immune system, species with slower pace of life might have stronger antibody responses, while faster-living species should rely more on innate defences (i.e. complement, Lee, Wikelski, Robinson, Robinson, & Klasing, 2008) . This association has previously been demonstrated at the intraspecific level, where fast-living house sparrows showed more robust cellmediated immunity, whereas slow-living sparrows showed a more rapid secondary antibody response to a novel antigen . Based on these results, we predicted that the urban environment should favour a better adaptive immune system, while a more efficient innate immunity would be favoured in rural environments.
The studies that assessed urban-rural differences in immunocompetence so far have shown that urban birds tend to have stronger innate immune defences (larger preen-gland size and stronger swelling response to PHA injections), but no differences have been found in adaptive responses (Table 2) .
Studies on parasitism suggest that urban birds seem to be less parasitized by macroparasites like helminths and ectoparasites, but more infected by viruses, coccidia, and blood parasites. It is possible that parasites with simpler life cycles, such as some gastrointenstinal parasites (e.g. coccidia) and viruses, might make the transition from rural to urban habitat more easily with their host (and then take advantage of increased host population densities), but macroparasites with more complex life cycles, such as helminths or ticks, might have more difficulties following their hosts to a novel environment (see also . Note also that a previously published review on the spatial effects of urbanization on parasite infections did not find a general pattern and concluded that results vary for city, host studied, and type of parasite considered (Delgado & French, 2012) .
We predicted that as urban birds should invest more in self-maintenance, they would show lower level of oxidative stress. This is one of the traits that can at this point be considered too heterogenuos for a formal meta-analysis, because the methodological approach in measuring oxidative stress varies largely between studies. So far, the studies have concentrated more on antioxidants like carotenoids, vitamins, or glutathione (eight out of 11 studies on oxidative status report only results on antioxidants); studies on oxidative damage to biomolecules are comparatively lacking (but see Skarphedinsdottir et al., 2010; and Herrera-Duenas, Pineda, Antonio, & Aguirre, 2014) .
In addition, all of the avian urban studies so far have used blood cells and plasma, although recent studies in birds outside of an urbanization context indicate that oxidative-stress levels among different tissues may not correlate (reviewed by Speakman et al., 2015) . The mechanistic link between urbanization and ageing has not been studied so far, and there is only one study linking urbanization to telomere length dynamics in birds. According to this study, urban great tit (Parus major) nestlings had shorter telomeres than rural nestlings (Salmon, Nilsson, Nord, & Isaksson, 2016) . Therefore, it is difficult to draw conclusions about the urbanization patterns, but due to the mechanistic link between oxidative stress and ageing, this is a promising field of research for future studies. Finally, studies published so far seem to indicate that levels of nutritional (measured as body mass, body condition, or levels of dietary antioxidants) or hormonal stress (i.e. corticosterone levels) do not vary consistently along the urbanization gradient. If urban environments represent ecological traps for birds, as some have proposed (Leston & Rodewald, 2006; Stracey & Robinson, 2012) , we would predict generally higher levels of stress and lower levels of body condition in urban birds, which is not the case according to this review. Taken together, the data available on urban-rural differences in survival, reproduction, and condition support our prediction that the urban environment might select for an adaptive slower pace of life in bird populations.
Without genetic studies, it is difficult to determine if the persistent differences between urban and rural populations arise from genetic differences between populations or plastic environmental/ behavioural effects. Phenotypic plasticity in urban environment has been shown to exist for some behavioural traits (i.e. bird song, Slabbekoorn, 2013; nesting behaviour, Yeh, Hauber, & Price, 2007) .
There is some support for differing maternal effects in rural and urban environments in birds (e.g. egg-yolk composition; Hargitai et al., 2016; Isaksson, Johansson, & Andersson, 2008) . Whether these differences in maternal effects result from differing maternal investment strategies in urban vs. rural habitats, or are a passive byproduct of differences in resource availability (e.g. carotenoid-rich food) or pollutant levels, remains to be studied.
As of now, there are only a handful of studies on genetic differentiation between urban and rural bird populations, indicating, for example, limited genetic differentiation between urban and rural blackbirds (Partecke, Gwinner, & Bensch, 2006) and silvereyes (Zosterops lateralis, Potvin, Parris, & Mulder, 2013) , but a genetic distinction between urban and desert house finches (Badyaev, Young, Oh, & Addison, 2008) , house sparrows (Vangestel et al., 2012) and song sparrows (Unfried, Hauser, & Marzluff, 2013) . Good support for genetic differentiation along the urbanization gradient comes from personality studies, indicating that gene regions associated with personality variation vary significantly between forest and urban birds (Mueller et al., 2013; Riyahi, Bj€ orklund, Mateos-Gonzalez, & Senar, 2016) , although epigenetic changes resulting from urbanization in birds have not yet received much attention (but see Watson, Videvall, Andersson, & Isaksson, 2017) . However, these effects are very likely, since it is known that most, if not all, cells in multicellular organisms have retained the ability to respond to environmental changes with altered programmes of gene expression (Turner, 2009 ).
| FUTURE DIRECTIONS
While our review revealed that, generally, urban birds have better survival prospects and limit their investment in the current breeding event (through reduced clutch size and a decreased investment in sexual signals), suggesting a slower pace-of-life strategy in the urban environment, we have not been able to detect the physiological mechanisms that mediate this strategy due to the limited number of studies published on the subject. We thus encourage more research investigating how telomere dynamics, antioxidants, immune defences and oxidative damage to different macromolecules in different tissues vary along the urbanization gradient. In addition, it seems crucial to test for potential differences in individual metabolic rate between urban and rural populations since, under our hypothesis, the slower pace-of-life in urban birds should lead to a reduced metabolic rate (see also Hinsley et al., 2008 As there seem to be considerable differences in reproductive parameters and physiological traits between years (i.e. Bailly et al., 2016; Mennechez & Clergeau, 2006; Wawrzyniak et al., 2015) , depending on the climatic or ecological conditions that one breeding season represents, studies that span over several years and still show differences between rural and urban populations seem to be more trustworthy than single season studies. Also, studies that include more than one urban and one rural population are probably more representative of the general urbanization trend as opposed to specific local conditions. We therefore encourage multiyear studies including a number of populations across the urbanization gradient.
Also, these differences between study scopes should be taken into account in urbanization reviews, which, unfortunately, makes statistical meta-analysis even more challenging in this context.
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